Abstract: An equivalent-distributed coupling coefficient (EDCC) distributed feedback (DFB) semiconductor laser is proposed, and a four-channel EDCC DFB laser array is experimentally demonstrated. In this paper, the EDCC grating profile is realized by varying the duty cycle of a certain subsection of the whole sampled Bragg grating (SBG) along the laser cavity, instead of the true DCC structure obtained by changing the height of the uniform grating pitch. Moreover, the EDCC grating array can be designed by stepping the sampling period of the SBG and fabricated by combining the conventional holographic exposure with a micrometer-level photolithography on the same wafer. The experimental results show that the uniform channel spacing in the array has been obtained and that the residual of the lasing wavelengths after linear fitting changes in the scope of À0.078 and 0.048 nm. Each laser has good single longitudinal mode operation with the minimum side-mode suppression ratio (SMSR) of about 47.65 dB and the average SMSR of 49.83 dB under the same injection current of 80 mA.
Introduction
The multi-wavelength distributed feedback (DFB) laser array is one of the key components of the photonic integrated circuits (PICs) and next-generation high-speed optic communications systems [1] - [4] . To fabricate a high performance DFB laser array, there are two issues that need to be solved: Each lasing wavelength in the array must be accurately controlled, the wavelength spacing between the adjacent channels must meet the ITU-T standard, and therefore, the period of the grating should be individually controlled precisely in each laser; another key issue is the single longitudinal mode (SLM) operation: If a certain laser in the array is not SLM, the whole device will fail. To achieve SLM operation, usually a quarter-wave-phase shift (QWS) is inserted in the center of the grating [5] , [6] . However, the QWS lasers exhibit longitudinal spatial hole burning (LSHB). It has been found both theoretically [7] and experimentally [8] that lasers with a long cavity and/or large coupling coefficient often become multiple-mode already at low or moderate power levels. This deterioration in side mode suppression ratio (SMSR) is caused by the strong spatial hole burning. Devices with enhanced single-mode capability such as the multiple phase shifts (MPS) [9] - [11] , multiple electrode (MEL) structures [12] , [13] and a mixture of them [14] have been proposed. By introducing more phase shifts in the MPS structure, a more uniform internal field distribution can be achieved, and hence the LSHB effect is minimized. Alternatively, the MEL structure employed a non-uniform current injection. By injecting a larger current to the center of the laser cavity, the carrier loss as a result of carrier recombination is compensated, hence suppressing the LSHB effect. In both MPS and MEL structures, a uniform coupling coefficient has been used across the laser cavity. Two decades ago, a work by Kotaki [15] , a novel DFB laser structure with distributed coupling coefficient (DCC) was proposed. A large gain margin between the lasing mode and the most probable side mode has been observed by varying the height of corrugations along the laser cavity. Though it has been proposed [15] and theoretically analyzed earlier [16] , it is not easy to fabricate, up to now, few experimental results about the DCC DFB laser and laser array have been reported. The researchers are paying attention to investigate own technique, there are many techniques have been proposed to fabricate DFB laser array, for example, the nanoimprint technique [17] .
Recently, the Sampled Bragg grating (SBG) was used to realize the DFB laser array [18] , [19] . Moreover, the Reconstruction-Equivalent-Chirp (REC) technique was successfully applied to design and fabricate the DFB semiconductor laser [20] , [21] and laser array [22] - [24] . Based on the REC technique, the phase shift and/or chirp can be equivalently realized by changing the sampling parameters while the seed grating is kept uniform.
In this paper, we demonstrate a four-channel equivalent DCC (EDCC) DFB laser array with EDCC grating structure for the each channel. The laser array is measured under the bias current of 80 mA and the surrounding temperature of 25 C. The laser array has an average threshold current of about 23.5 mA, ranging from 22 to 25 mA. The lasing wavelengths of the laser array are 1555.22 nm, 1558.42 nm, 1561.86 nm, and 1565.12 nm, respectively, with an average wavelength spacing of 3.3 nm, and the deviation from the designed channel spacing is in the range from 0 nm to 0.24 nm. The measured maximum SMSR is 51.6 dB and the average SMSR is 49.83 dB, which exhibits good SLM property in the EDCC DFB laser array.
Principle and Design
Based on the Fourier analysis, if there is no chirp and/or phase shift in a sampling structure, the index modulation of an SBG with uniform seed grating can be expressed as [21] ÁnðzÞ ¼ 1 2
where
where Ã 0 is the period of the uniform seed grating, Án 0 is the index modulation of the uniform seed grating, P is the sampling period, and m denotes the order Fourier series and F m is the Fourier coefficient.
If the sampling period is increased Áz at position z 0 , the index modulation of the mth-order sub-grating will be
According to (3), when m 6 ¼ 0, Áz is changed continuously, an equivalent chirp can be realized. Correspondingly, when Áz is changed abruptly, an equivalent phase shift (EPS) can be obtained in the mth-order sub-grating. The "m-level EPS in a sampling structure is used to realize the nm-level true phase shift in a uniform Bragg grating [22] . Moreover, if the coupling coefficient of the uniform seed grating is 0 , then the coupling coefficient corresponding to the mth order Fourier component in the sampled grating is [21] m ¼ 0 sinð%mÞ %m expðÀi%mÞ:
From (4), it can be seen that
Which is defined as a proportional factor ðf ð; mÞÞ of the coupling coefficient, i.e., the proportion of the coupling coefficient of the mth sub-grating in SBG to that of the uniform seed grating [21] . is the duty cycle of the sampling grating, which is defined as the ratio between the length with grating in one sampling period and the sampling period [20] . For simplicity, here only the absolute of the f ð; mÞ is investigated. It is not hard to see f ð; mÞ is the function of the duty cycle and the order of the sub-grating of the SBG. From Fig. 1 when ¼ 0:5, f ð0:5; AE1Þ has the largest value, that is to say, among all channels except for the 0th order channel in a SBG, the coupling coefficient in the AE1st order channels is the highest, so 0.5 is defined as the optimum duty cycle. For this reason, the þ1 st = À 1 st channel is preferred to be used in our designed semiconductor lasers.
The EDCC DFB laser with a % equivalent phase shift (%-EPS) introduced at the center of the structure is shown in Fig. 2 . It is shown in Fig. 2 that the duty cycle of our proposed structure located near the laser facets are different from those found near the equivalent phase shift. Hence the coupling coefficient varies along the longitudinal direction, taking into account the longitudinal change of the coupling coefficient and the positions of the different coupling coefficients in the EDCC laser structure, the distributed coupling ratio (R) and distributed position (DP) are defined such that R ¼ 2 = 1 and DP ¼ 2L 2 =L, where 1 and 2 are coupling coefficients of the EDCC DFB laser structure as shown in Fig. 2 , L 1 is the length of the section with coupling coefficient 1 and L 2 corresponds to the coupling coefficient 2 , EPS denotes the position of the equivalent % phase shift. In our design, the duty cycle 1 is the optimum duty cycle (0.5), 2 is smaller or larger than 1 ; therefore, from Eq. (4), the 2 is always smaller than 1 .
Simulation Analysis
The transmission spectrum of the EDCC grating with %-EPS is simulated and plotted as the red solid line in Fig. 3(a) . As a comparison, the equivalent-uniform coupling coefficient (EUCC) grating (i.e., the all duty cycles are 0.5) is also calculated and plotted as the black dotted line in Fig. 3(a) , to demonstrate the basic principle of the EPS. The black dotted line show that there is Fig. 2 . Schematic of (a) the true DCC grating structure and (b) the EDCC grating structure. a transmission peak in the center of the stop band of the þ1st order channel, locating at the Bragg wavelength, that is to say, the phase shift is equivalently introduced into the þ1st order channel, but there is no transmission peak in the stop band of the 0th order channel. Moreover, the EDCC has the same transmission spectrum compared with the EUCC grating, and the two transmission peaks are overlapped, so the desired wavelength in the þ1st order channel of the EDCC grating is the same as the EUCC grating. The transmission spectrums of a four-channel EDCC grating array with stepped sampling period are plotted in Fig. 3(b) .
The calculated light intensity distributions along the cavities are shown in Fig. 4 with the same DP ¼ 0:5 but different R. The distributions of light intensity become flattened when R decreases. The black dashed line with R ¼ 1:0 denotes the EUCC DFB laser based on the REC, the light power is highly non-uniform and concentrated on near the EPS region, which induces a local carrier escalation near the center of the cavity after the laser threshold is reached, consequently affecting the single-mode stability of the DFB laser. With the EDCC grating incorporated into the laser cavity, the intensity distribution spreads out and the overall distribution becomes relative uniform (see the red solid line with R ¼ 0:7 in Fig. 4) . Hence, the LSHB can be reduced effectively in our designed EDCC DFB laser or laser array as the true DCC DFB laser [16] .
Fabrication and Experimental Results
The proposed EDCC DFB laser is fabricated by a conventional two-stage lower-pressure metalorganic vapor phase epitaxy (MOVPE). An InP buffer layer, a graded In 1ÀxÀy Al x Ga y A s as lower separate confinement heterostructure (SCH), a multiple quantum-well (MQW) active structure and a graded In 1ÀxÀy Al x Ga y A s as upper SCH, and so on are successively grown on an n-InP (100) substrate in the first epitaxial growth. The MQW structure contains five undoped 6 nm-thick 1.2% compressive strain InAlGaAs quantum wells separated by six undoped 9 nm-thick 0.45% tensile strain InAlGaAs barriers. In our experiment, the cavity length is 600 "m, the period of the seed gating is 256.29 nm and the Bragg wavelength of 0th channel is about 1630 nm, The þ1st subgrating is used as resonator whose wavelength is located in the material gain region with the gain curve peak around 1550 nm.the sampling period changes from 5.28 "m to 6.1 "m. The DP is 0.5, the 1 ¼ 0:5, 2 ¼ 0:25, so the distributed coupling ratio R is 0.7. Anti-reflection (AR) is coated on the both facets of the each laser to avoid the influence of the random facet phase. The schematic illustration of the EDCC DFB laser is shown in Fig. 5 . Fig. 6 shows the PÀI curve of the laser array at the temperature of 25 C. The four-channel EDCC DFB laser array has an average threshold current of about 23.5 mA, ranging from 22 to 25 mA. The slope efficiency is varying from 0.144 W/A to 0.177 W/A with the average value of 0.159 W/A. The difference among the each threshold current and the slope efficiency may be caused by the Gaussian shape material gain and/or the imperfect fabrication of laser, for example, the uneven coating. Additionally, the threshold current value is relatively high and the slope efficiency is relatively low, the reason is, because the laser cavity is long and the AR/AR film is coated on the both facets of the each laser in the EDCC laser array.
The each channel spectra of the laser array is tested with the same injection current of 80 mA and the same surrounding temperature of 25 C, as shown in Fig. 7(a) . It can be seen that good SLM property is observed for each laser with the average side mode suppression ratio (SMSR) of 49.83 dB. Moreover, the all SMSRs are greater than 47.65 dB and the maximum SMSR is 51.6 dB, as shown in Fig. 7(b) , the optical power variation mainly attributed to the changes of the threshold current and the quantum efficiency with temperature.
The measured lasing wavelengths are plotted in Fig. 7(c) . Without tuning, the measured lasing wavelengths of the DFB laser array are at 1555.22 nm, 1558.42 nm, 1561.86 nm, and 1565.12 nm, respectively. Accordingly, the channel spacing between the adjacent channels is 3.2 nm, 3.44 nm, and 3.26 nm, respectively. The maximum deviation from the desired channel spacing is 0.24 nm. The reason why the existence of the deviation is, although the difference in the sampling periods among the four lasers determines the nominal channel spacing, those uncertain factors, such as the limited resolution of grating writing facility (the seed grating was written using holographic exposure and the sampling pattern was written using Electron-beam lithography), processing variation, and material non-uniformity causes uneven channel spacing. It is a common problem for all lasers. After linear fitting, the lasing wavelengths show a good linearity and the residual of the lasing wavelengths in Fig. 7 (d) changes in the scope of À0.078 nm and 0.048 nm. The slope of the measured lasing wavelengths after linear fitting is 3.314 nm/channel, comparing with the designed wavelength spacing, the relative error is only about 3.6%. The longitudinal spatial hole burning is a factor affecting the mode stability of the !=4-shifted DFB laser [8] , [25] , [26] . To study the mode stability of the EDCC DFB laser, the lasing spectrums of the CH.4 in the array were measured in the current range from 40 to 180 mA, as shown in Fig. 8 , and the corresponding SMSRs are plotted in Fig. 9(a) . The main mode of the spectrum will deviate from the center of the stopband with the injection changing, the deviation is evaluated by the parameter mode, ! L corresponds to the left side mode, and ! R corresponds to the right side mode [8] , [26] , as shown in the inset view of the Fig. 9(b) . The change of the width of the stopband with injection current is also plotted in Fig. 9(c) . The difference between the intensity of the left and right side modes are plotted in the Fig. 9(d) .
The single-longitudinal-mode operation has realized even at the injection current of 180 mA. All SMSRs is larger than 45 dB, and the SMSR is increasing with the injection current increasing, as shown in Fig. 9(a) . From the Fig. 9(b) , when the injection current is low, the R Á! is a little less than 0.5, i.e., the main mode slightly deviate from the center of the stopband to the left side mode. With the injection current increased, the R Á! gradually increasing, but the increase in R Á! is very small, the R Á! is very close to 0.5 when the injection current changes from 120 to 180 mA, i.e., the main mode just at or closely around the center of the stopband. Furthermore, at the low level injection current, the width of the stopband has a tendency to gradually increase, but it is almost the same when the injection current is in the range of 80 mA and 180 mA, which can be seen in the Fig. 9(c) . As shown in Fig. 9(d) , the intensity difference between the left and right side modes of the spectrum decreases rather than increases with the injection current increasing. Based on the above analysis, the EDCC DFB laser operate under large injection current, the wavelength stability isn't affected by the LSHB, that is to say, the SHB is effectively suppressed in the EDCC DFB laser.
Conclusion
The equivalent method was utilized to design the DCC DFB semiconductor laser, and a fourchannel EDCC DFB laser array was experimentally demonstrated. The uniformity of the channel spacing was better controlled. The EDCC DFB laser structure opens a new idea of stabilizing the single-mode oscillation in DFB laser and laser array, which is a promising technology to fabricate the multi-wavelength DFB laser array with low cost and high uniformity of the channel spacing. 
